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WC have studied  the use of yeast peroxisomal  alcohol  oniddse (AO) as a model protein  for in vitro binding  by GroEL.  Dilution  of &natured A0 
in neutral  buffer  leads to aggregation  of the protein,  which is prcvcnud  by the addition  of GroEL.  Formation  of complcxcs bc~cen  GroEL  and 
denatured  A0  was demonstrated  by a gel-shift assay using non-denaturing  polyacrylamide  gel electrophoresis, and quantified  by lascr-densitometry 
of the gels. In  the presence  of MgAMP-PNP  or MgADP  the affinity of GroEL  for A0  was enhanced.  Under  these conditions  up to 70% of the 
purified CiroEL formed a complex with this protein.  Release was stimulated at room temperature  by MgATP. and was further  enhanced by addition 
of GroES. 
Alcohol  oxidasc;  GroEL;  MSP; Non-denaturing  gel electrophoresis;  Pcroxisomal  matrix  protein;  Protein  complex  formation 
1.  INTRODUCTION 
In viva  the  processes  of  folding  and  oligomerisation 
of nascent  polypeptide  chains  into  their  native  confor- 
mation  must  be tightly  regulated  and  are  often  modu- 
lated  by  a  heterologous  group  of  components,  collec- 
tively termed  molecular  chaperones  [l]. These  proteins 
have  been implicated  in a variety  of cellular  processes, 
such  as maintaining  the  membrane-translocation-com- 
petent  (unfolded)  conformation  of  precursor  proteins, 
bacterial  DNA  replication,  and  folding  and assembly  of 
proteins  in various  cellular compartments,  including  cy 
tosol,  mitochondria,  chloroplasts  and  endoplasmic 
reticulum  [2,3]. GroEL,  mitochondrial  hsp60  and  the 
chloroplast  ribulose  bisphosphate  carboxylase  subunit 
binding  protein  (RBP)  belong  to a  subclass  of chaper- 
ones,  the  chaperonins,  which  have  been  demonstrated 
to  mediate  correct  folding  and  assembly  of proteins  in 
ATP-dependent  reactions  in  viva  and  in  vitro  [4], Of 
these chaperones  the  GroEL/GroES  system  of &+eri- 
this  coli has  been extensively  studied.  Native  GroEL  is 
a  tetradecamer  of  about  800 kDa  and  GroES  a  hep- 
tamer  of 70 kDa,  which can interact  with GroEL  during 
association  with  other  proteins  [S-lC$ 
We  have  now  studied  alcohol  oxidase  (AO)  from 
yeast  for  its use to  bind  i3 GroK.  The  Lctive form  of 
A0  is an  octamr~  or’ 6tX  kDs  anti  localized  in  per- 
Correspondence  address: M. Vcenhuis,  Biological Ccntre.  University 
of Groninpn,  Kerklaan  30,975l  NN  Hurcn, The Nethsrlands.  Fax: 
(311  j (SO)  632 022. 
Plrblislwd  by Elscvicr Science  Pubffshers 6. V. 
oxisomes  [ 11,121.  A0  monomers  are synthesized  on free 
cytosolic  polysomes  at  their  mature  size  and  subse- 
quently  imported  into  peroxisomes,  where  assembly 
and  activation  takes  place  [13-151. Both  in vivo and in 
vitro experiments  indicated  that assembly of A0  protein 
is not a spontaneous  process [16-181. It is likely that one 
(or more)  chaperones  are involved  in the pathway  from 
precursor  synthesis  to  the  mature  octameric  A0  pro- 
tein.  If this  assumption  is correct  monomeric  unfolded 
A0  should,  in principle,  be able  to  interact  with  these 
proteins. 
In this paper  we present  a simple  procedure  to study 
GroEL-protein  complex  formation  using  A0  as  a 
model  protein,  taking  advantage  of the large size of the 
monomers  (7.5 kDa)  of  this  protein.  Binding  of  A0 
caused  a distinct  change  in the electrophoretic  mobility 
of GroEL  in non-denaturing  gels, which allowed  visual- 
ization  and  quantification  of  the  formation  of  com- 
plexes. This  procedure  enables  direcl  systematic  studies 
on  the nature  and  possible  requirements  of the  CiroEL 
complex  formation  and  dissociation. 
2.  MATERIAL  AND  METHODS 
2.  I * Prorritrs 
GroEL  and  GroES  were purified  as described  previously  [lO,l9]. 
i*uri!ici! .tiC  of ff..;;~urrtiu pofymorpha  wz15  a gift from Uailever  Re- 
search Laboratories.  A0  was denatured  in a medium containing  6 M 
guanidine-HCI,  25 mM  Tris-HCI  (@-I 7.4). 0.2 M KCI and  IO mM 
dilhiothrcitol  for 2 h at room  tempcnturc. 
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2.3.  ~fggregation  studies 
Aggrcgdlion  of  A0  was  dc~ermincd  by  measuring  light  scaltering 
at  320 nm [20]. Denatured  A0  was diluted 1254old  to a linal  concen- 
tration of 40 ,crgtml (0.5 ,uM  monomeric  AO)  in  buffer  A (25 mM 
Tris-HCI,  pH 72,  containing  50 mM KCI and  2 mM dilhiothreitol) 
and  incubated  at  10°C in the absence or presence of a 2.5.fold molar 
excess of 14mcr GroEL  to monomeric  AO. 
2.3,  Binding  strrdies 
In order to determine  optimal binding  conditions  varying amounts 
of denatured  A0  were diluted SO-fold  in buffer A containing  0.1 yM 
GroEL  14mer to obtain  molar  ratios  of A0  monomeric  protein  to 
GroEL  l4mer ranging  from 0.2 to 1  I. Upon dilution  the sumples were 
mixed  on  a Vo;zex stirrer and  subsequently  incubated  for 10 min at 
room  temperature.  The  effect of temperature  on  binding  was dcter- 
mined  by diluting  A0  SO-fold  (final cuncrntra.;un  20 PgIml; 0.25 yM 
monomeric  AO)  in  buffer  A  containing  0.1 PM  GroEL  I4mer and 
incubating  for  10 min  at  room  temperature,  I5 and  10°C (2,5-fold 
molar  ex:ess monomeric  A0  to  14mer GroEL).  The  reproducibility 
of the  binding  was tested in a series of experiments  at  IO’C with  a 
2.5.fold molar excess of AO. The effect  of nucleotides  on  binding  was 
investigated  by addition  of MgAMP-PNP  or MgADP  (IO mM final 
concentration)  to buffer A containing  GroEL,  prior  to dilution  of a 
2.5~fold molar excess of denatured  A0  at both room  temperature  and 
IO°C. 
Binding was performed  in a volume of  I.25 ml containing  0.1 ,uM 
GroEL  with a 2.5.fold molar excess of monomeric  A0  to GroEL. The 
material  was then divided in separate reaction  vessels and  the release 
was initiated by addition  of magnesium acetate and ATP (IO mM final 
concentrations),  GroES  in  a 2.5.fold  molnr  excess and  cascin  in  a 
4-fold molar excess (with  respect to GroEL  14mer) at 10°C and room 
temperature.  Samples  were  taken  at different  time  intervals;  reactions 
were  stopped  by  adding  I,?-cyclohexane-diaminc-tetro-acetic  acid 
(CDTA;  50 mM  final concentration)  and  cooling  the samples on  ice. 
2.5.  Attal~tical  procadwes 
After bmding of denatured  A0  to GroEL  non-denaturing  gel elec- 
trophorcsis was performed on 4-108  gradient gels [2l] to separate the 
GroEL/AO  complex (upper  band)  from the unbound  GroEL  (lower 
band).  Gels were stained  with Coomassie  brilliant  blue and  scanned 
with a laser densitometer  using the GelScan  XL program.  Binding  is 
defined as the ratio of the signal of the upper band  to the sum of the 
signals  of the upper and  lower band  expressed in percentages. SDS- 
PAGE  was performed  according to Lacmmli  [22]. 
3.  RESULTS 
3.1.  Aggregation  and formation  of  complexes 
Denatured  alcohol  oxidade (AO) aggregated  rapidly 
upon  dilution  in  buffer  A,  however,  this  aggregation 
was  almost  completely  prevented  in the  presence  of  a 
2.5fold  molar  excess of GroEL  14mer (Fig.  1). Direct 
physical  interaction  between A0  and  GroEL  was dern- 
onstrated  by non-denaturing  PAGE.  Stable complexes 
were readily separated  from  unbound  GroEL  (Fig. 2A; 
lane  3). Both  bands  observed  in  the  native  se]  were 
excised and  analyzed  by SDS-PAGE.  The  upper  band:, 
contained  both  the 75 kDa A0  and  the GO  kDa GroEL, 
whereas  in  the  lower  band  only  GroEL  was  detected 
(Fig.  2B). The  location  of A0  was confirmed  by West- 
ern  blotting  of  a  native  gel  using  specific  antibodies 
raised  against  A0  (data  not  shown).  The  upper  band 
solely contained  a complex of A0  bound  to GroEL,  and 
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Fig.  I.  Aggregation  and  suppression  of aggregation  at  10°C upon 
dilution  of denatured  alcohol  oxidaac (AO) in 25 mM Tris-HCI,  pH 
7.2, supplemented  with 50 mM  KC1 and 2 mM DTT  (buffer A) in the 
absence (---)  or presence (---I of a 2.5.fold molar  excess of GroEL. 
The aggregation  in  the absence  of GroEL  after  IO min  is defined as 
100%. 
lacked  native  or  reconstituted  A0  octamers  because 
these migrated  to a different  position  in the gel (Fig. 2A, 
lane  1). Guanidine-denatured  AO,  when  applied  to  a 
native  gel, aggregated  in the wells. 
Densitometric  scanning  of the  native  gels resulted  in 
quantifiable  graphs.  Under  the experimental  conditions 
employed  highest  binding  was  obtained  at  10°C;  the 
optimal  molar  ratio  for  maximum  binding  of’ GroEL, 
as  determined  by  a  saturation  curve,  amounted  to  a 
2.8-fold  molar  excess  of  A0  (Fig.  3).  The  reproduc- 
ibility of  the  binding  was within  a 5% range  (data  not 
shown). 
3.2.  Effect  of  ttucleotides  on binding 
Both  at  10°C  and  room  temperature  binding  is in- 
creased  by a non-hydrolysable  ATP  analogue  or ADP 
in the presence  of magnesium  acetate  (Table  1). 
3.3.  Kinetics  of  release  cwd stability  of  the  complex 
At  10°C the  complex  is stable  and  hardly  influenced 
cc%llplex - 
Gro  EL-- 
A0  - 
Fig.  2. (A)  Coomassie  brilliant  blue  slaining  after  nondcnaturing 
PAGE of a 4-IO%  gradient  gel, showing  the position  of the GroEU 
A0 complex (lane 3) compared to native A0 (lane  I) and GroEL (lane 
2) alone.  (8)  Coomassie  brilliant  blue  staining  after  SDS-PAGE  of 
both  bands  excised from a non-denaturing  gel, as shown in Fig.  3A, 
lane  3, demonstrating  the  presence  of both  ACJ and  GroIZL  in  the 
upper  band  (Pig.  28,  lane  I) and presence of solely GroEL  in lhc lower 
band  (Fig. 2B, lane 2). Volume  305,  number  1  FEBS  LETTERS  Junr  1992 
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Fig.  3.  Binding  percentages  of  GroEL  upon  dilution  of  differcnr 
amounts  of denatured  A0  in  buKer  A, con:aining  0.1 ,uM CiroEL 
14mcr to obtain  molar  ratios  as indicated.  Datz  arc determined  by 
scanning  of non-denaturing  gels (as shown in Fig.  2A, lane  3). and 
given as the ratio  of the signal  of the upper band  to the sum of the 
signals of the  upper and  the lower band, expressed as percentages. 
by addition  of MgATP,  GroES  and cascin (Fig. 4A). At 
room  temperature  approximately  20% of  the  complex 
seems to be unstable  and  dissociates  within  5 min.  Par- 
tial release  is furthermore  observed  in  the  presence  of 
MgATP  within  20 min;  this effect was enhanced  in the 
presence  of  GroES.  Total  release  was  accomplished 
within  3 min  when  casein  was added  as a competitive 
substrate  for denatured  A0  (Fig. 4B). 
4.  DISCUSSION 
In  this  study  we presented  evidence  for  the  in vitro 
formation  of complexes  between denatured  alcohol  oxi- 
dase (AO)  and  GroEL.  The  assay used  has  several ad- 
vantages  compared  to  previously  described  methods. 
Firstly,  only  small  amounts  of GroEL  and  A0  are re- 
quired.  Secondly,  complex  formation  and  stability  can 
be  directly  monitored  and  accurately  quantified. 
Third!y,  full prevention  of aggregation  of the  substrate 
(AO) is in principle  not  essential since these aggregates, 
which  remained  in the  wells during  non-denaturing  gel 
electrophoresis,  do not  interfere  with the  quantification 
Table  I 
Influence  of  ADP  and  the non-hydrolysable  ATP  analogue,  AMP- 
PNP,  on  the percentage  of binding  of GroEL  to dcnaturcd  alcohol 
oxidase at  10%  and  room  temperaturc,  respectively, as determined 
after  scanning  of non-denaturing  gels (compare  Fig. 2A, lane 3) 
liaorn  temperature  10°C 
Control  38  49 
MgADP  55  70 
M&AMP-PNP  58  58 
Data are given as the ratio of the signal of the upper band  to the stem 
of the signals  of the upper and  lower band and expressed in percent- 
ages. 
0,  5  IO  15  20 
time  (min) 
Fig. 4. Influence  of MgATP and  MgATP in  ~hc presence of GroES 
and casein on dissociation  of GroEUAO  complexes at  10DC  (A) and 
room tcmpcralure  (B). 0. control;  A, MgATP; A, MgATP = GroES; 
+. MflTP  +  GroES  + casein.  Dnta  are expressed  as  indicated  in 
Fig. 3. 
method.  This  allows the addition  of excess A0  to max- 
imize the percentage  of GroEL  bound,  however, at high 
concentrations  of A0  aggregates  may  form  too rapidly 
for  maximal  binding,  and  consequently  only  a  small 
part  of  the  denatured  A0  is bound  by  GroEL  under 
these conditions.  Therefore,  the observed  optimal molar 
ratio  of  the  proteins  for  maximal  binding  of GroEL, 
namely  a 2.8-fold  molar  excess of AO,  does  not  reflect 
a binding stoichiometry  of 3 molecules  of A0  bound  by 
one GroEL  14mer; instead,  based on  the fact that  part 
of  the  denatured  A0  has  indeed  aggregated,  a  stoi- 
chiometry  of 2: 1 ai  1: 1 is more  likely. At  10°C binding 
of  denatured  A0  was  very  efficient  and  the  complex 
formed  was quite  stable at this temperature.  Almost  no 
release  was  observed  after  addition  of  MgATP.  This 
implies  that  the  process  of  binding  is  spontaneous, 
whereas  release  is  dependent  on  ATP  hydrolysis  by 
GroEL.  At room  temperature  only part  of the complex 
formed  at  10°C  appeared  to  be  stable.  Addition  of 
MgATP  and  GroES  results  in  an  enhanced,  but  not 
complete,  release.  Probably  partial  rebinding  occurs 
under  these conditions.  These  cyc!es of release and  re- 
binding  may  be  interrupted  by  addition  of  casein,  a 
protein  which is known  to bind to GroEL,  as a compet- 
itor;  under  these  conditions  all of  the  A0  is released 
a.vithin  minutes.  Preliminary  data  indicate  that  the  re- 
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leased  A0  is not  active  but  aggregates.  Probably  addi- 
tional  factors  are required  for refolding/reactivation. 
The  high  binding  rates  of a purified  assembly  factor 
(GroEL)  to denatured  AG (70%). and  the simple  assay 
based  on non-denaturing  PAGE,  makes  A0  an eligible 
choice  for  further  investigations  of  interactions  with 
other  molecular  chaperones,  and  may  develop  into  a 
general  system  for  identifying  and  purifying  these  pro- 
teins  from  various  sources,  including  peroxisomes. 
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